Introduction
============

Metastatic melanoma is the most fatal skin cancer, for which there is no effective chemotherapy.[@b1-ijn-9-043]--[@b4-ijn-9-043] Currently, therapies targeting melanoma and approved by the US Food and Drug Administration, such as BRAF inhibitors, have limited efficacy due to the development of drug resistance.[@b5-ijn-9-043] Hence, more effective alternative therapies need to be developed for melanoma. In this study, we explored the therapeutic potential of a nanocomplex composed of a recently discovered positively charged helical peptide (PVBLG)[@b6-ijn-9-043] and an eleven-base oligonucleotide identical to the 3′ telomere overhang (T-oligo)[@b7-ijn-9-043]--[@b9-ijn-9-043] in melanoma cells and tumor xenografts.

T-oligo mimics the exposure of the 3′ telomere overhang and induces DNA damage response (DDR) signals in several cancers.[@b8-ijn-9-043]--[@b13-ijn-9-043] T-oligo mediates DDRs by activating multiple p53 dependent/independent DDR pathways which modulate several downstream effectors.[@b12-ijn-9-043],[@b14-ijn-9-043] Recent evidence by our group suggests that T-oligo interacts with the shelterin complex, thereby disrupting telomere integrity and inducing DDRs.[@b12-ijn-9-043] Our earlier studies indicate that T-oligo treatment reduces tumorigenicity and metastasis, and induces differentiation of melanoma tumors.[@b8-ijn-9-043] Furthermore, we have also shown that T-oligo reduces tumorigenicity by induction of senescence and reduced vascularity in lung cancer.[@b15-ijn-9-043] However, to be clinically effective, T-oligo requires stabilization for intravenous delivery in cancer patients since serum and intracellular nucleases could degrade its phosphodiester backbone.[@b16-ijn-9-043]

Recently, Gabrielson et al developed a highly efficient gene and siRNA delivery system using PVBLG, a cationic helical polypeptide that is significantly more effective and less toxic than liposomal formulations or other cationic polymer vehicles.[@b17-ijn-9-043] The helical structure of PVBLG allows for high stability across a wide range of pH, temperatures, and salt concentrations in the presence of denaturing agents.[@b6-ijn-9-043] Moreover, it has been shown to be highly effective in delivering plasmid DNA and siRNA to a variety of cell lines.[@b6-ijn-9-043] Therefore, T-oligo was stabilized via complex formation with PVBLG. PVBLG self-assembles with oligonucleotides such as T-oligo, neutralizing their negative charges and stabilizing them for delivery in vivo.

The aim of the present study was to investigate the anticancer effects of T-oligo and test the efficacy of a novel T-oligo-PVBLG (TOP) nanocomplex. We found that the TOP complex enhanced the therapeutic potential of T-oligo in malignant melanoma in vitro and in vivo. We propose that the TOP complex could be used as a novel therapeutic approach for melanoma.

Materials and methods
=====================

Oligonucleotides
----------------

Oligonucleotides homologous (pGTTAGGGTTAG) (T-oligo) and complementary to the 3′ overhang sequence (pCTAACCCTAAC) (C-oligo) were obtained from Midland Certified Reagent Co, Midland, TX, USA.

Synthesis of PVBLG and preparation of TOP nanoparticles
-------------------------------------------------------

PVBLG was prepared by Jianjun Cheng at the University of Illinois, via ring-opening polymerization of N-carboxyanhydrides as described previously.[@b18-ijn-9-043] A range of PVBLG concentrations (0.025--0.05 mg/mL) were then complexed with T-oligo (20 μM) in HEPES buffer to form nanoparticles.

Particle size and zeta potential analysis
-----------------------------------------

T-oligo and PVBLG solutions were prepared separately in DNAse/RNAse-free distilled water (Invitrogen, Grand Island, NY, USA) and complexed at various weight ratios. The TOP complex was incubated at room temperature for 20 minutes. Particle size and zeta potential was measured using a NICOMP 380 dynamic light scattering instrument (Particle Sizing Systems, Inc, Santa Barbara, CA, USA). PVBLG or T-oligo alone was used as the control.

Antibodies
----------

Antibodies for vascular endothelial growth factor (VEGF, sc-152), thrombospondin (TSP)-1 (sc-12312) CD31 (PECAM-1, sc-1506), and tyrosinase-related protein (TRP-1, sc 10443) were obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA). β-actin (A5441) antibody was sourced from Sigma-Aldrich (St Louis, MO, USA). MART-1/Melan-A (clone M2-7C10) monoclonal antibody was sourced from Signet (Dedham, MA, USA). Tyrosinase (clone T311) monoclonal antibody (Novacastra™) was purchased from Leica Biosystems (Buffalo Grove, IL, USA). p73 antibody was obtained from EMD Millipore (Billerica, MA, USA), cleaved caspase-3 (clone 5 A1E, rabbit monoclonal antibody \#9664) and cleaved caspase-7 (clone D6H1, rabbit monoclonal antibody \#8438) were purchased from Cell Signaling Technology (Danvers, MA, USA). All antibodies were used according to the manufacturers' instructions.

Cell lines and cell culture
---------------------------

MU and MM-AN cell lines were obtained by explant culture[@b8-ijn-9-043] and maintained at 37°C in Minimum Essential Medium (Catalog Number MT-10-010-CM, Thermo Fisher Scientific, Pittsburg, PA, USA) supplemented with 10% (v/v) fetal bovine serum (Catalog Number S11150, Atlanta Biologicals, Lawrenceville, GA, USA) and 1% (v/v) antibiotic/antimycotic (Catalog Number 15240, Invitrogen).

Senescence and clonogenicity experiments
----------------------------------------

T-oligo-induced senescence in MU melanoma cells was evaluated by treating the cells with 40 μM of T-oligo or C-oligo for one week in 35 mm^2^ dishes, after which the cells were fixed with 4% paraformaldehyde in phosphate-buffered saline for 5 minutes and washed twice with phosphate-buffered saline. The cells were then stained with senescence-associated β-galactosidase (SA-β-gal)[@b7-ijn-9-043] for 16 hours at 37°C. The cell phenotypes were examined, and images were captured at 200× magnification to determine senescent morphology. For clonogenicity experiments, MU and MM-AN cells were plated at 25,000 cells/60 mm dish and treated for one week with 40 μM of T-oligo or C-oligo. Cells were then trypsinized, collected, and seeded at 3,000 cells per dish and allowed to grow for 10 days in growth medium. Cells were then fixed in 100% ethanol and stained with 1% methylene blue for 10 minutes. Colonies were counted using Kodak ROI analysis software (Eastman Kodak Company, Rochester, NY, USA). All experiments were performed in triplicate. The paired Student's *t*-test was used to evaluate the differences between T-oligo and C-oligo groups. Significance was established at α=0.05.

Transfection of p73 siRNA and tumor-associated antigen expression in vitro
--------------------------------------------------------------------------

Cells were cultured in Minimum Essential Medium supplemented with 5% fetal bovine serum and transfected with control siRNA or p73 siRNA (four pooled siRNA duplexes, Dharmacon, Pittsburgh, PA, USA) using Oligofectamine™ transfection reagent (Catalog Number 12252-011, Life Technologies, Grand Island, NY, USA) for 12 hours. Mock transfection was used as a negative control in parallel using signal silence control siRNA (Catalog Number 6568S, Cell Signaling Technology). The cells were then treated with 40 μM T-oligo or diluent. Cells were collected after 72--96 hours, cell lysates were made, and immunoblotting was performed with the lysates for p73 and the tumor-associated antigens (TAAs) MART-1, tyrosinase, and TRP-1.

Immunoblotting for procaspases and evaluation of caspase activity
-----------------------------------------------------------------

MM-AN cells were grown in Minimum Essential Medium containing 5% fetal bovine serum and treated with diluent, 40 μM of T-oligo or C-oligo at various time points, after which cells were harvested and protein lysates were immunoblotted for procaspase-3 and procaspase-7. These lysates were further used to determine caspase-3 activity using the CaspACE assay system (Catalog Number G7351, Promega, Madison, WI, USA), as described previously.[@b19-ijn-9-043] Quadruplicate cultures of MM-AN cells were treated with diluent, or 40 μM of T-oligo or C-oligo, for 72 or 96 hours. Cells were then collected by centrifugation, washed, and lysed by repeated freeze/thaw cycles. The lysates were then clarified by centrifugation and the supernatant was used for protein estimation and for the caspase assay. This assay uses Ac-DEVD-pNA as a substrate and colorimetrically measures the release of free pNA (p-nitroaniline). Statistical significance was determined using the paired Student's *t*-test, with significance established at α=0.05.

MTT cell viability assay
------------------------

To study the effects of T-oligo with or without PVBLG on cell viability, MM-AN cells were treated with T-oligo or the TOP complex, and cell viability was determined by measuring 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) colorimetric dye reduction (Sigma-Aldrich, Catalog Number TOX1) according to the manufacturer's instructions. Five thousand cells per well were plated in replicates of six in a 96-well plate in Minimum Essential Medium supplemented with 10% fetal bovine serum. After 24 hours, the cells were treated with T-oligo (20 μM) with or without PVBLG (0.025, 0.05 mg/mL) at concentrations found to be nontoxic and maximally effective for 4 hours, after which an MTT assay was performed as described previously.[@b20-ijn-9-043] At 96 hours, the MTT reagent was added, cells were incubated for 4 hours at 37°C, after which solubilization solution was added and absorbance was measured at 570 nm. Background absorbance at 690 nm was subtracted from the 570 nm measurement and percentage of cell viability was determined relative to the control. Each experiment was performed in replicates of six for each treatment condition and repeated three times. Statistical significance was obtained using analysis of variance test with α at 0.05, and paired Student's *t*-tests were used to determine the statistical significance of differences between two individual groups.

Intracellular uptake of FITC-labeled T-oligo
--------------------------------------------

The uptake of fluorescein isothiocyanate (FITC)-labeled T-oligo (Midland Certified Reagent Co) or the TOP complex (40 μM FITC-T-oligo and 0.025 mg/mL PVBLG) by MM-AN cells was assessed using fluorescence-activated cell sorting (FACS) and fluorescence microscopy. For FACS analysis, 1.5×10^5^ MM-AN cells in Minimum Essential Medium were plated in 35×10 mm cell culture dishes. After 24 hours, the cells were treated with 40 μM T-oligo with or without PVBLG (0.025 mg/mL) in Minimum Essential Medium with 2% calf serum for 4 hours. Cells were then washed twice with Hank's Balanced Salt Solution (Invitrogen, Carlsbad, CA, USA), trypsinized, pelleted, counted, and fixed with 4% paraformaldehyde. Next, 1×10^6^ cells were analyzed on a Becton Dickinson FACS device (Immunocytometric Systems, San Jose, CA, USA) and the data were analyzed using Cell Quest analysis software. For microscopy, 10,000 MM-AN cells were plated in a chamber slide. After 24 hours, cells were treated as described above and images were taken with a fluorescence microscope (IX 71, Olympus America Inc, Center Valley, PA, USA).

Animals and tumorigenicity experiment
-------------------------------------

Five-week-old male *nu/nu* (nude) mice were purchased from Taconic (Hudson, NY, USA) and housed in the pathogen-free animal facility at the University of Illinois College of Medicine at Rockford. First, 2.5×10^6^ MM-AN cells were injected into the flanks of the mice (n=10). After 24 hours, the mice were treated with daily intravenous injections of diluent or 52 nmol of T-oligo with or without 0.025 mg/mL PVBLG. After 3 weeks, the mice were euthanized by CO~2~ inhalation and the tumors were evaluated. Analysis of tumor growth was performed using the paired Student's *t*-test to compare mice treated with T-oligo with or without PVBLG. Significance was established at α=0.05.

The protocol was approved by the Institutional Animal Care and Use Committee of the University of Illinois College of Medicine at Rockford and animal studies were performed at a facility accredited by the Association for Assessment and Accreditation of Laboratory Animal Care and the United States Department of Agriculture. Care was taken to ensure that the animals did not suffer discomfort, distress, or pain.

Immunohistochemistry
--------------------

Tumors resected from mice were formalin-fixed, paraffin-embedded, and sectioned at the Rockford Memorial Hospital pathology laboratory (Rockford, IL, USA). Immunostaining procedures were performed as described previously.[@b8-ijn-9-043],[@b15-ijn-9-043] Briefly, sections were rehydrated and then rinsed in phosphate-buffered saline twice for 5 minutes. Antigen retrieval was performed by incubating rehydrated sections in a 0.05% trypsin, 1% calcium chloride solution for 10 minutes at 37°C. Tumor sections were then stained using the Mouse on Mouse (TOM™) immunohistochemistry kit (Vector Laboratories, Burlingame, CA, USA). Once the desired staining intensity was obtained, the slides were counterstained using hematoxylin (Sigma-Aldrich) for 15 seconds, dehydrated in increasing concentrations of ethanol and xylene, and mounted using Permount (Fisher, Rockford, IL, USA). Photomicrographs were obtained with an Olympus BH-2 microscope (Olympus America Inc) at 200× magnification. Immunohistochemistry was performed on at least three separate tumors with similar results, and the most representative section is shown.

TUNEL analysis
--------------

Apoptosis in mice tumors was detected by terminal transferase dUTP nick end labeling (TUNEL) assay. Tissues were fixed in 4% paraformaldehyde for 30 minutes, permeabilized with 0.1% Triton X-100 for 2 minutes, and a TUNEL assay was performed with a cell death detection kit (Roche Diagnostics, Indianapolis, IN, USA) as per the manufacturer's instructions.

Statistical analysis
--------------------

Statistical analyses were carried out using Statistical Package for the Social Sciences version 17 software (SPSS Inc, Chicago, IL, USA). A one-way analysis of variance with α at 0.05 and paired Student's *t*-tests were used to determine statistical significance.

Results
=======

T-oligo induces senescence and decreases clonogenic capacity in melanoma cells
------------------------------------------------------------------------------

Senescence has been shown to be a key restraining factor in cancer formation and progression.[@b21-ijn-9-043] Earlier studies have demonstrated that T-oligo induces senescence in lung and breast cancer; however, senescence has not been demonstrated in melanoma with T-oligo treatment.[@b11-ijn-9-043],[@b15-ijn-9-043] Therefore, we investigated the ability of T-oligo to induce senescence in melanoma cells. MU cells showed a 10-fold increase in SA-β-gal staining after treatment with T-oligo compared with cells treated with C-oligo ([Figure 1A and B](#f1-ijn-9-043){ref-type="fig"}). Further, they showed an enlarged, dendritic-like morphology similar to a senescent phenotype[@b7-ijn-9-043] ([Figure 1A](#f1-ijn-9-043){ref-type="fig"}). Furthermore, T-oligo-induced senescence was indicated by a 3.7-fold and 4.4-fold reduction in the clonogenic capacity of MU and MM-AN cells, respectively, as compared with C-oligo treatment ([Figure 1C](#f1-ijn-9-043){ref-type="fig"}).

T-oligo increases expression of TAAs in vitro
---------------------------------------------

In melanoma cells, the expression of TAAs, such as MART-1, enhances targeting by specific CD8+ and CD4+ T cells.[@b22-ijn-9-043] We have previously demonstrated upregulation of TAAs in p53 null and p73-expressing MM-AN cells after T-oligo treatment.[@b8-ijn-9-043] In this study, we investigated the expression of TAAs in these cells after T-oligo treatment with/without knockdown of p73. Western blot analysis confirmed p73 knockdown (4--10-fold) at 48--96 hours ([Figure 2A](#f2-ijn-9-043){ref-type="fig"}). T-oligo treatment resulted in upregulation of TRP-1 (1.5-fold) and tyrosinase (2.8-fold) at 72 hours, and MART-1 (4.5-fold) at 96 hours ([Figure 2B and C](#f2-ijn-9-043){ref-type="fig"}) that was abolished by p73 knockdown, indicating a role for p73 in the modulation of TAAs in melanoma.

T-oligo induces apoptosis by activation of caspases
---------------------------------------------------

Earlier studies suggest that p73 mediates T-oligo-induced apoptosis in a p53 null cell line;[@b8-ijn-9-043] however, caspase activation has not been studied in these cells. Therefore, we explored the modulation of procaspase-3 and procaspase-7 in MM-AN cells after T-oligo treatment. MM-AN cells displayed downregulation of procaspase-3 (2-fold) and procaspase-7 (2-fold) at 72 hours upon exposure to T-oligo ([Figure 2D](#f2-ijn-9-043){ref-type="fig"}). Caspase-3 catalytic activity was found to be upregulated 4-fold in cells treated with T-oligo compared with cells treated with diluent or C-oligo ([Figure 2E](#f2-ijn-9-043){ref-type="fig"}).

Particle size, zeta potential analysis, and enhanced cellular uptake of T-oligo by PVBLG
----------------------------------------------------------------------------------------

Dynamic light scattering was performed to analyze the particle size of the TOP complex. The mean particle diameter was observed to be 147.3 nm at a DNA to polymer weight ratio of 15:1 ([Figure 3](#f3-ijn-9-043){ref-type="fig"}), which was similar to other DNA to polymer weight ratios (1:1--15:1, data not shown). Neither PVBLG nor T-oligo formed detectable particles when measured independently. In addition, the zeta potential of the TOP complex was found to be --25 mV ±3.13 mV, thereby indicating that PVBLG combined with T-oligo forms a stable nanocomplex.

FACS analysis of MM-AN melanoma cells treated with the TOP complex showed a greater than 15-fold increase in fluorescence as compared with T-oligo alone ([Figure 4A](#f4-ijn-9-043){ref-type="fig"}). Uptake was verified using immunofluorescence microscopy studies which also showed enhanced cellular uptake of T-oligo after complexing it with PVBLG ([Figure 4B](#f4-ijn-9-043){ref-type="fig"}). These results indicate that PVBLG stabilizes and enhances the uptake of T-oligo by MM-AN melanoma cells.

PVBLG enhances efficacy of T-oligo in vitro
-------------------------------------------

The effect of PVBLG on T-oligo efficacy in MM-AN cells was measured in vitro by cell counting after trypan blue exclusion. T-oligo and increasing concentrations of PVBLG were determined to be effective and nontoxic (0.025--0.05 mg/mL, n=6, *P*,0.001) and enhanced the growth inhibitory effect of T-oligo in a dose-dependent manner by 2.3--4.5-fold relative to T-oligo treatment alone ([Figure 5](#f5-ijn-9-043){ref-type="fig"}).

PVBLG enhances efficacy of T-oligo in an immunodeficient mouse model
--------------------------------------------------------------------

Oligonucleotides are quickly degraded by nucleases in serum as well as within cells. Therefore, to increase its therapeutic efficacy in vivo, an attempt was made to stabilize T-oligo. Recent studies by Gabrielson et al indicated that PVBLG enhanced the delivery of oligonucleotides and siRNA.[@b17-ijn-9-043] Therefore, the TOP complex was further studied on melanoma tumors in immunodeficient mice. Different concentrations of PVBLG were tested on mice (0.01--0.1 mg/mL) and no toxicity was observed, and based on these studies and in vitro experiments, a concentration of 0.025 mg/mL PVBLG was selected. The T-oligo concentration used in this study were comparable with concentrations used in earlier investigations.[@b8-ijn-9-043] Our results indicate a 3-fold and 9-fold reduction in tumor volume in T-oligo-treated and TOP complex treated mice respectively, as compared with mice treated with diluent ([Figure 6](#f6-ijn-9-043){ref-type="fig"}). These results indicate that PVBLG enhances the therapeutic efficacy of T-oligo by 3-fold.

T-oligo treatment inhibits angiogenesis and induces apoptosis in vivo
---------------------------------------------------------------------

Increased expression of VEGF and angiogenesis are essential for tumor progression.[@b23-ijn-9-043] TSP-1 plays a major role in inhibiting VEGF expression and angiogenesis and in inducing apoptosis.[@b24-ijn-9-043],[@b25-ijn-9-043] Moreover, levels of VEGF and TSP-1 were shown to correlate with prognosis in cancer patients.[@b26-ijn-9-043] Therefore, we investigated the modulation of TSP-1, VEGF expression, and induction of apoptosis in melanoma tumor xenografts of immunodeficient mice treated intravenously with T-oligo or the TOP complex. Immunohistochemistry analysis displayed an increase in TSP-1 expression and a decrease in VEGF expression in the TOP complex treated tumors as compared with tumors treated using T-oligo alone ([Figure 7](#f7-ijn-9-043){ref-type="fig"}). Moreover, there was an enhanced induction of apoptosis in the TOP complex treated tumors as compared with those treated with T-oligo alone ([Figure 7](#f7-ijn-9-043){ref-type="fig"}).

Discussion
==========

Targeting the telomere and telomerase with anticancer oligonucleotides is an attractive approach in melanoma therapy.[@b27-ijn-9-043] However, there is a severe hindrance in their delivery in vivo due to their degradation by serum and intracellular nucleases.[@b28-ijn-9-043] Stabilization of oligonucleotides with nanoparticles is a potential solution since several nanoparticles have been developed for enhanced gene delivery.[@b29-ijn-9-043],[@b30-ijn-9-043] Recently, siRNA delivery using cationic lipid nanoparticles for melanoma therapy has been demonstrated to be effective;[@b31-ijn-9-043] however, cationic liposomes require further modification to curb their cytotoxicity.[@b32-ijn-9-043] PVBLG-8 (PVBLG), a recently discovered positively charged helical peptide,[@b6-ijn-9-043] has been used as a highly efficient gene and siRNA delivery system.[@b17-ijn-9-043] PVBLG is significantly more effective and less toxic than liposomal formulations or other cationic polymer delivery systems, and can also be used for targeted gene delivery as a supramolecular assembly system.[@b33-ijn-9-043] Moreover, our earlier studies demonstrate that PVBLG protects DNA and siRNA oligonucleotides from nucleolytic degradation.[@b17-ijn-9-043],[@b34-ijn-9-043] The present study substantiates the therapeutic potential of the anticancer effects of T-oligo in melanoma cells and demonstrates enhanced uptake and efficacy of T-oligo with PVBLG nanoparticles (TOP complex) both in vitro and in vivo.

While treatment with T-oligo demonstrates potent antitumorigenic effects in several cancers, it has no cytotoxicity on their normal counterparts.[@b8-ijn-9-043],[@b11-ijn-9-043],[@b15-ijn-9-043],[@b35-ijn-9-043] In the present study, T-oligo treatment increased SA-β-gal expression, induced a morphology similar to that of senescent cells, and decreased clonogenic capacity in melanoma cells, suggesting that T-oligo-induced senescence inhibited their growth in vitro. The TAp73 tumor suppressor isoform of p73 mediates apoptosis irrespective of p53 status.[@b36-ijn-9-043],[@b37-ijn-9-043] Earlier studies show that p73 siRNA blocked apoptosis in MM-AN melanoma cells.[@b8-ijn-9-043] Since apoptosis is linked with activation of caspases,[@b38-ijn-9-043] we suggest a role of p73-mediated activation of caspase-3 and caspase-7 after T-oligo treatment. Additionally, T-oligo-induced expression of TAAs, which are known to slow cellular proliferation, was also abolished following p73 knockdown. Based on these results, we hypothesize that T-oligo mediates its anticancer effects through p73 (TAp73). Presently, studies are being carried out in our laboratory to understand further the p73-mediated effects of T-oligo in melanoma tumors in vivo.

To be effective in patients, T-oligo must be stabilized to avoid degradation by nucleases.[@b39-ijn-9-043] Phosphorothioate-modified oligonucleotides have been used to increase stability against nucleolytic degradation;[@b40-ijn-9-043] however, they release toxic products due to 3′-exonuclease-mediated degradation.[@b41-ijn-9-043] Moreover, they exhibit low binding capacity to complementary sequences and show nonspecific binding to proteins,[@b42-ijn-9-043] leading to toxic effects.[@b43-ijn-9-043] To increase the efficacy of gene delivery, various viral and nonviral delivery strategies are being developed; however, viral approaches are hindered by side effects such as immunogenicity and toxicity, whereas nonviral delivery systems have limited transfection efficiency and biodegradability issues.[@b43-ijn-9-043] To enhance the delivery and efficacy of T-oligo without toxicity, we have formed a nanocomplex using PVBLG, which has been shown to be efficient in delivering siRNA, genes, and oligos, with low toxicity.[@b6-ijn-9-043] PVBLG facilitates delivery of oligonucleotides by disrupting the cell membrane irrespective of pH conditions, allowing oligonucleotides to escape endocytic vesicles, an otherwise limiting factor in their delivery. In addition, PVBLG proved to be 50% more effective than the commonly used commercial transfectant Lipofectamine^®^ 2000.[@b44-ijn-9-043] We hypothesize that PVBLG self-assembles with the negatively charged T-oligo, forming a stable nanocomplex thereby protecting it from nuclease degradation.

In the present study, we investigated the effect of the TOP complex on tumor growth, angiogenesis, and apoptosis. Inhibition of angiogenesis is an important approach to cancer therapy in which VEGF is a key mediator[@b23-ijn-9-043] and TSP-1 is an inherent inhibitor.[@b45-ijn-9-043] In several cancers, tumor progression depends on an "angiogenic switch" that results in a change of phenotype from avascular to vascular and is regulated by a balance of the proangiogenic factor VEGF and the antiangiogenic factor TSP-1.[@b46-ijn-9-043]--[@b48-ijn-9-043] Upregulation of VEGF results in increased angiogenesis in melanoma and other cancers,[@b49-ijn-9-043],[@b50-ijn-9-043] thereby promoting tumor progression, while its inhibition increases progression-free survival.[@b51-ijn-9-043],[@b52-ijn-9-043] Moreover, VEGF has also been suggested to be a key predictive marker of patient prognosis and response to therapy in melanoma and other cancers.[@b52-ijn-9-043],[@b53-ijn-9-043] Currently, bevacizumab, a VEGF-specific antibody that inhibits angiogenesis,[@b54-ijn-9-043] has been demonstrated to be an effective cancer therapy,[@b55-ijn-9-043]--[@b57-ijn-9-043] thus substantiating that inhibition of angiogenesis by blocking VEGF is an effective approach to inhibit tumorigenicity in several cancers.[@b58-ijn-9-043] TSP-1, a matricellular protein,[@b59-ijn-9-043] has been shown to inhibit angiogenesis in human prostate cancer xenografts[@b60-ijn-9-043] and liver metastasis in renal and colon carcinoma,[@b61-ijn-9-043] and also modulates apoptosis, affecting tumor progression.[@b62-ijn-9-043] Moreover, in a preclinical study, exogenous administration of TSP-1 inhibited angiogenesis and metastasis in human melanoma xenografts;[@b63-ijn-9-043] however, in contrast with the above studies, other investigations have demonstrated that TSP-1 promotes metastasis in breast cancer.[@b64-ijn-9-043] In our in vivo studies, we observed that treatment with the TOP complex was more effective in reducing melanoma tumor size as compared with T-oligo alone. Accordingly, both T-oligo and the TOP complex reduced VEGF and concomitantly increased TSP-1 expression, thereby reducing vasculogenesis and enhancing apoptosis, thereby substantiating their antitumorigenic role in melanoma. These results indicate that T-oligo reduces tumorigenicity through multiple anticancer approaches, and its stability and therapeutic potential can be enhanced by complexing it with PVBLG. Therefore, we propose that the TOP complex may be an effective therapeutic agent for the treatment of melanoma and possibly other cancers.

In conclusion, we suggest that T-oligo induces anticancer responses in melanoma cells through p73. We further demonstrate that the TOP complex is more efficient than T-oligo in inhibiting tumor growth, induction of apoptosis, and inhibition of angiogenesis. Our in vivo studies provide strong support for the enhanced therapeutic efficacy of the TOP complex in the treatment of melanoma, which may be extended to the treatment of other cancers in further investigations. Currently, studies are being carried out in our laboratory to improve the efficacy of the TOP complex by using ligands such as folic acid or mannose which have recently been developed into a supramolecular self-assembly system for oligonucleotide delivery.[@b33-ijn-9-043]
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![Effect of T-oligo on senescence and clonogenicity in melanoma cells. (**A**) MU melanoma cells were treated with T-oligo or C-oligo for 1 week. Cells were then stained with SA-β-gal and observed under an Olympus BH2 microscope. T-oligo-induced senescence was indicated by SA-β-gal staining (blue) and changes in cell morphology similar to a senescent phenotype. (**B**) T-oligo treatment resulted in a 10-fold increase in SA-β-gal staining in melanoma cells as quantified by cell counting after trypan blue exclusion. (**C**) MU and MM-AN melanoma cells were treated with 40 μM T-oligo or C-oligo for 1 week. Cells were trypsinized and plated at 3,000 cells per dish and grown for 10 days. Cells were fixed in 100% ethanol, stained with 1% methylene blue for 10 minutes, and counted using Kodak ROI analysis software. T-oligo treatment decreased clonogenic capacity by 3.7-fold and 4.4-fold in MU and MM-AN melanoma cells, respectively. Experiments were carried out in triplicate and the most representative results are shown.\
**Abbreviations:** C-oligo, complementary oligonucleotide; SA-β-gal, senescence-associated β-galactosidase.](ijn-9-043f1){#f1-ijn-9-043}

![Knockdown of p73 expression by siRNA downregulates T-oligo-induced tumor-associated antigens. MM-AN melanoma cells were transfected with p73-specific siRNA duplexes or mock siRNA for 12 hours, treated with diluent or 40 μM T-oligo, and analyzed by Western blotting at 48--96 hours. (**A**) siRNA-mediated knockdown of p73 (4--10-fold) at 48--96 hours was confirmed in MM-AN cells. (**B** and **C**) p73 knockdown inhibited T-oligo-induced expression of TRP-1 (1.5-fold), tyrosinase (2.8-fold), and MART-1 (4.5-fold) at 72--96 hours. (**D**) Immunoblots indicate a decrease in procaspase-3 (2-fold) and procaspase-7 (2-fold) after 72 hours of T-oligo treatment. Blots are representative of at least three independent experiments and β-actin was used to demonstrate even loading of samples. (**E**) Treatment with T-oligo increased caspase-3 activity in MM-AN cells by 4-fold at 72 hours as determined by caspase colorimetric assay.\
**Abbreviations:** M, mock siRNA; S, p73 siRNA; T, T-oligo; MART-1, melanoma antigen recognized by T-cells 1; TRP-1, tyrosinase-related protein 1; D, diluent; C, C-oligo; pNA, p-nitroaniline.](ijn-9-043f2){#f2-ijn-9-043}

![Particle size analysis of the TOP complex. T-oligo and PVBLG solutions were prepared at a DNA to polymer weight ratio of 15:1 in DNAse/RNAse-free distilled water. T-oligo and PVBLG solutions were then mixed and incubated at room temperature for 20 minutes. The particle size was analyzed by dynamic light scattering. The results obtained are shown in NICOMP (dynamic light scattering) distribution, indicating that the TOP complex had a mean diameter of 147.3 nm. PVBLG or T-oligo alone was used as the control.\
**Abbreviation:** TOP complex, T-oligo-PVBLG nanocomplex.](ijn-9-043f3){#f3-ijn-9-043}

![Uptake studies of T-oligo and TOP complex in melanoma cells using fluorescence-activated cell sorting analysis and fluorescence microscopy. (**A**) 1.5×10^5^ MM-AN cells in Minimum Essential Medium were plated in 35 mm^2^ cell culture dishes. After 24 hours, the cells were treated with 40 μM FITC-T-oligo or the TOP complex (40 μM FITC-T-oligo and 0.025 mg/mL PVBLG) in Minimum Essential Medium with 2% calf serum for 4 hours. Cells were then washed twice with Hank's Balanced Salt Solution, trypsinized, pelleted, counted, and fixed with 4% paraformaldehyde and analyzed on a Becton Dickinson fluorescent-activated cell sorter. Data analysis was performed using Cell Quest software. (**B**) 10,000 MM-AN cells were plated in chamber slides, treated with T-oligo or the TOP complex as described above, and observed under a fluorescent microscope (Olympus IX71) at 200× magnification.\
**Abbreviations:** C-oligo, complementary oligonucleotide; TOP complex, T-oligo and PVBLG nanocomplex; FITC, fluorescein isothiocyanate; FL1-H, fluorescence 1 signal height.](ijn-9-043f4){#f4-ijn-9-043}

![**E**ffect of T-oligo with or without PVBLG on growth and viability of MM-AN cells. First, 5,000 MM-AN cells/well were plated (n=6) in Minimum Essential Medium supplemented with 10% fetal bovine serum. After 24 hours, the cells were treated for 96 hours with 20 μM T-oligo with or without PVBLG at concentrations found to be nontoxic (0.025--0.05 mg/mL). Cell viability was determined using the MTT colorimetric dye reduction assay and percent cell viability was determined relative to the control. T-oligo inhibited growth by 51% while T-oligo with PVBLG (0.025--0.05 mg/mL) inhibited growth by 78%--89%. PVBLG alone had no effect at the tested concentrations. \**P*,0.001.\
**Abbreviations:** D, diluent; P, PVBLG; T, T-oligo; TOP complex, T-oligo and PVBLG nanocomplex.](ijn-9-043f5){#f5-ijn-9-043}

![Increased reduction of MM-AN melanoma xenograft tumors by TOP complex in *nu/nu* mice. First, 2.5×10^6^ MM-AN cells were injected into the flank of *nu/nu* mice (n=10). After 24 hours, the mice were treated daily with diluent, T-oligo (52 nmol), TOP complex (52 nmol T-oligo and 0.025 mg/mL PVBLG) intravenously for 3 weeks. Mice treated with T-oligo demonstrated reduced tumors, while most TOP complex treated mice showed no visible tumors. The graph shows a 3-fold and 9-fold reduction in tumor volume after treatment with T-oligo or the TOP complex, respectively, as compared with diluent (*P*,0.001).\
**Abbreviations:** TOP complex, T-oligo and PVBLG nanocomplex.](ijn-9-043f6){#f6-ijn-9-043}

![**E**nhanced antitumor effects of the TOP complex in xenograft tumors of MM-AN melanoma cells. First, 2.5×10^6^ MM-AN cells were injected into the flank of each immunodeficient mouse (n=10). After 24 hours, the mice were treated daily with diluent, T-oligo (52 nmol), or TOP complex (52 nmol T-oligo and 0.025 mg/mL PVBLG) intravenously for 3 weeks. Xenograft tumors were resected on day 21 and subjected to immunohistochemistry for VEGF and TSP-1. Apoptosis was evaluated by TUNEL assay, which was increased in tumors treated with the TOP complex compared with T-oligo. Immunohistochemical staining showed enhanced expression of TSP-1 and decreased expression of VEGF in mice treated with the TOP complex as compared with T-oligo alone.\
**Abbreviations:** C, complement ary oligonucleotide (C-oligo); T, T-oligo; T + P, TOP complex; TOP complex, T-oligo and PVBLG nanocomplex; TSP-1, thrombospondin 1; VEGF, vascular endothelial growth factor; TUNEL, terminal deoxynucleotidyl transferase dUTP nick end labeling.](ijn-9-043f7){#f7-ijn-9-043}
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